The lack of standardizable objective diagnostic measurement techniques is a major hurdle in the assessment and treatment of pediatric patients with thoracic insufficiency syndrome (TIS). The aim of this paper is to explore quantitative dynamic MRI (QdMRI) volumetric parameters derived from thoracic dMRI in pediatric patients with TIS and the relationships between dMRI parameters and clinical measurements. 25 TIS patients treated with vertical expandable prosthetic titanium rib (VEPTR) surgery are included in this retrospective study. Left and right lungs at endinspiration and end-expiration are segmented from constructed 4D dMRI images. Lung volumes and excursion (or tidal) volumes of the left/right chest wall and hemi-diaphragms are computed. Commonly used clinical parameters include thoracic and lumbar Cobb angles and respiratory measurements from pulmonary function testing (PFT). 200 3D lungs in total (left & right, pre-operative & post-operative, end-inspiration & end-expiration) are segmented for analysis. Our analysis indicates that change of resting breathing rate (RR) following surgery is negatively correlated with that of QdMRI parameters. Chest wall tidal volumes and hemi-diaphragm tidal volumes increase significantly following surgery. Clinical parameter RR reduced after surgical treatment with P values around 0.06 but no significant differences were found on other clinical parameters. The significant increase in post-operative tidal volumes suggests a treatment-related improvement in lung capacity. The reduction of RR following surgery shows that breathing function is improved. The QdMRI parameters may offer an objective marker set for studying TIS, which is currently lacking.
INTRODUCTION
Thoracic insufficiency syndrome (TIS) is known to be associated with at least 28 pediatric diseases, often due to a thoracic volume depletion deformity, and TIS patients usually have the inability of the thorax to support normal respiration or lung growth [1] . Younger patients with severe spine and chest wall malformations can be treated with FDA-approved growth-sparing thoracic expansion devices known as vertical expandable prosthetic titanium rib (VEPTR), with the assumption that the enlarged chest cavity will trigger lung growth by the stretch reflex and the larger lungs will be powered in respiration primarily by the diaphragm [2, 3] . The major hurdles currently preventing advancement and innovation in TIS assessment and treatment include the lack of standardizable objective diagnostic measurement techniques that describe the 3D thoraco-abdominal structures, the dynamics of respiration, and the changes that take place with growth. Dynamic computed tomography (CT) [4] [5] [6] concerns of radiation exposure in pediatric population. Dynamic magnetic resonance imaging (dMRI) [7] [8] [9] is a radiation-free image acquisition technique which allows for natural free breathing, without requiring breath-holding or wearing of devices for acquiring gating signals, and is the most suitable imaging modality for TIS patients because of the often-present severe thoracic deformation. Previous reports of older patients with dMRI [10] used breath-hold techniques. Current approaches for surgical planning include radiographs and CT scans to determine thoracic deformity/constriction in order to select the best surgery to straighten the spine and equilibrate the thorax, but dynamic abnormalities seen on dMRI may alter these strategies. In the current study, dMRI scans are acquired during tidal breathing. The aim of this paper is to explore quantitative dynamic MRI (QdMRI) volumetric parameters derived from thoracic dMRI in pediatric patients with TIS and the relationships between dMRI parameters and clinical measurements.
In this study, dMRI images are acquired for the first time from a true tidal breathing way. We report the quantitative volumetric parameters derived from dynamic MRI before and after VEPTR surgery (Pre-/Post-op). We also compare these parameters with those from pulmonary function tests to understand the effectiveness of surgery. The methods have the potential to provide a new metric for determining the effectiveness of pediatric spine and chest wall devices in restoring thoracic function for respiration. To our knowledge, such full 4D dynamic analysis techniques to investigate how the derived parameters may be useful to objectively study TIS patient conditions and their treatment outcome have not been previously attempted.
MATERIALS AND METHODS

Subjects
This retrospective study was conducted following approval from the Institutional Review Board at the Children's Hospital of Philadelphia along with a Health Insurance Portability and Accountability Act waiver. Reconstructed 4D MR images of 25 pediatric TIS patients (12 male, 13 female) with age 5.10 ± 4.21 years (pre-operatively) and 6.72 ± 4.21 years (post-operatively after placement of VEPTR) are considered in this investigation. 4D dMRI images of those subjects include 4-8 time points during one breathing cycle with voxel size 1.17×1.17×6.0 mm 3 and 3D scene size of 224×256×30-40. In this study, we mainly focus on left/right lung volumes and excursion (or tidal) volumes derived from dMRI at end-inspiration and end-expiration.
Dynamic MR image acquisition and 4D image construction
In this study, 4D images from the acquired dMRI scans are constructed by utilizing the recently developed approach of 4D dMRI image construction [11] from free-breathing MRI slice acquisitions. Acquisition parameters: TrueFISP with TR/TE ~ 4.3/2.2 msec, 1.5 Tesla scanner [11] . For each subject, at each sagittal slice location named as z-position, 80-100 slices are acquired at ~200 msec/slice over several tidal breathing cycles, where each slice has a corresponding phase location in one breathing cycle named as t-position. Going through all t-and z-positions, this produces thousands (2500~3000) of slices per patient, which represent an unordered sampling of the 4D free-breathing patient thorax over multiple breathing cycles. A graph-based optimization approach was developed for constructing the best possible 4D volume from such data [11] . The approach first builds a graph in which each node represents an acquired 2D slice with a specific z and t value. Weights are assigned to the arcs between any two nodes at neighboring location based on the measure of temporal and spatial contiguity of slices. From every node corresponding to the first z location, an optimal path (with smallest total cost) is found to some node in the last z location. The slices representing the nodes in this path constitute an optimal 3D volume for one time instance. Subsequently, from all such optimal volumes found for all tpositions, the best respiratory period comprising a 4D volume is found. Usually 200~300 slices in total across all locations are selected among 2500~3000 acquired free breathing slices to construct one 4D image over one breathing cycle. The method guarantees a globally optimal solution and does not need any external instruments to record respiratory motion/signal or tidal volume.
Image processing and segmentation
4D dMRI images are processed to improve signal quality and consistency by using non-uniformity correction and intensity standardization techniques [12, 13] . Non-uniformity correction improves the homogeneity of the same tissue, and intensity standardization makes the intensity of each tissue (for all patients, pre-operatively and post-operatively) to have the same numeric meaning. Interactive iterative relative fuzzy connectedness (i-IRFC) is used as the engine for lung segmentation [14] . With i-IRFC, the users can easily control the final segmentation and make sure that "what you see is what you get".
Image-derived markers and clinical measurements
From separate segmentations of the left and right lungs at end-inspiration and end-expiration, by subtracting segmentations, and performing morphological operations and connected component labeling, we obtain 11 key volume parameters in total from each 4D dMRI data set including 7 parameters for tidal volumes and 4 for lung volumes. We refer to the change in volume of a structure from end-inspiration to end-expiration as tidal volume (tv). As commonly used, clinical measurements include: forced vital capacity (FVC) and total lung capacity (TLC) from pulmonary function testing (PFT) [15] , Cobb angle of spinal curves from AP radiographs, and other parameters of resting breathing rate (RR); assisted ventilation rating (AVR), and left/right available lung space (ALS). Table 1 lists all parameters utilized for analysis in this study.
II II tto 0 Figure 1 shows pre-operative and post-operative rendered lung images of a patient where the thoracolumbar spinal curvature is observed preoperatively and no curvature is seen postoperatively. The figure shows 3D MRI lung surface renditions at end-inspiration and end-expiration before and after surgery. Notice how the lung volumes have significantly enlarged post-operatively (displays are portrayed proportionately to scale). Table 2 lists the key QdMRI volumetric parameters and Cobb angles to describe the spinal curves for all 25 patients preoperatively and post-operatively with mean and standard deviation (SD) values reported. The table also shows lung volumes at end-inspiration (EI) and end-expiration (EE) in addition to the tidal volumes. These are denoted: LLVei, LLVee, RLVei, and RLVee. 
End-Expiration
Pre-operative
Post-operative
End-Inspiration
RESULTS
All dMRI volumes increase from pre-operative to post-operative condition, with an average increase of 21.6% for mean volume and 50.7% for median volume. Both TCA and LCA decreased from pre-operative to post-operative condition with a reduction of 20.3% for mean Cobb angle and 18.6% for median Cobb angle, which means that the thoracolumbar spine has less scoliotic curvature on the AP radiograph after surgical treatment. Table 3 explores the association of QdMRI parameters with clinical variables, specifically Cobb angles. Other types of analyses with other clinical parameters are currently being carried out.
All tidal volumes showed large positive changes from pre-to post-op condition. The values were correlated within subject (average correlation 0.63). Since the patients may have grown from pre-to post-op, we adjusted for predicted tidal volume using known data for matched normal subjects [17] . Our model indicated significant pre-to post-op change that could only be explained by the surgery. Data for left & right chest wall and diaphragmatic components of tidal volume are shown in Table 3 . Cobb angle did not predict any of the tidal volumes. Other clinical variable were variable in their ability to predict dMRI tidal volumes (data not shown here).
CONCLUSIONS
The thorax is a complex respiratory engine with the chest wall, rib cage, spine, and diaphragm as its deformable and/or dynamic components. Although PFT is employed to infer thoracic function, it gives a global indication of function and cannot resolve the dynamics or the role of substructures in the overall function. In TIS and other ailments associated with thoracic deformities, the deficits are rarely symmetric, and hence global and integrative measures like those derived from PFT are useful for an overall understanding of the ailment and its treatment outcomes, but not for close scrutiny of the unilateral roles of substructures or their changes due to treatment. The proposed method is the only approach to obtain detailed information about structures and their dynamics for understanding and examining closely the effect of surgery on thoracic components and function.
In this study, we explored quantitative dynamic MRI (QdMRI) volumetric parameters derived from thoracic dMRI in pediatric patients with TIS as well as the relationships between dMRI parameters and clinical measurements of Cobb angle and PFT. We also proposed a complete stream-lined approach of analysis to provide objective dynamic functional metrics to understand current TIS surgical methods and facilitate innovation of new procedures. Although the analysis is currently done on the end-inspiration and end-expiration time points, more 3D volumes at different time points can be used in future to better understand the breathing motion in 4D space for TIS patients. Dynamic lung MRI has great potential to clearly define quantitatively, without radiation concerns, the dynamic biomechanical deficits and the response to treatment of the dynamic thoraco-abdominal organs of young patients with TIS. The QdMRI approach may fill this void that currently exists in this field.
